Accurate gene expression requires the precise control of mRNA levels, which are determined by the relative rates of nuclear (pre-)mRNA synthesis and processing, and cytoplasmic mRNA turnover. A key step in mRNA degradation is the removal of the poly(A) tail, which involves several deadenylases including components of the Ccr4 -Not complex. Here, we focused on the role of the human paralogues CNOT7 (hCaf1/Caf1a) and CNOT8 (hPop2/Caf1b/Calif), which possess deadenylase activity mediated by DEDD nuclease domains. We show that efficient proliferation requires both subunits, although combined knockdown of CNOT7 and CNOT8 further reduces cell proliferation indicating partial redundancy between these proteins. Interestingly, the function of CNOT7 in cell proliferation partly depends on its catalytic activity. On the other hand, the interaction between CNOT7 and BTG2, a member of the antiproliferative BTG/Tob family involved in transcription and mRNA decay appears less important for proliferation of MCF7 cells, suggesting that CNOT7 does not function solely in conjunction with BTG2. Further analysis of gene expression profiles of CNOT7 and/or CNOT8 knockdown cells underscores the partial redundancy between these subunits and suggests that regulation of several genes, including repression of the antiproliferative genes MSMB and PMP22, by the Ccr4 -Not complex contributes to cell proliferation.
INTRODUCTION
Accurate gene expression requires the precise control of mRNA levels that are determined by the relative rates of (pre-)mRNA synthesis and processing, and by mRNA turnover. Degradation of eukaryotic mRNA is initiated by the shortening and removal of the poly(A) tail by at least two different complexes containing distinct deadenylase subunits (Parker and Song, 2004; Garneau et al., 2007; Goldstrohm and Wickens, 2008) . In both yeast and human cells, initial shortening of the poly(A) tail is carried out by Pan2, which forms a heterodimer with Pan3 (Brown et al., 1996; Boeck et al., 1998; Brown and Sachs, 1998; Uchida et al., 2004) . Subsequent removal of poly(A) residues is achieved by Ccr4 -Not, a conserved complex, which contains about 10 subunits, including several deadenylase components (Tucker et al., 2001; Temme et al., 2004; Yamashita et al., 2005) . The yeast Ccr4 protein and its human orthologues CNOT6 (hCcr4/Ccr4a) and CNOT6L (hCcr4-like/Ccr4b) contain an exonuclease/endonuclease/ phosphatase (EEP) domain that is responsible for the RNA nuclease activity (Dupressoir et al., 2001; Chen et al., 2002; Tucker et al., 2002; Morita et al., 2007) . In addition, these proteins interact via leucine-rich motifs with yeast Caf1 (Pop2) or its human orthologues CNOT7 (hCaf1/Caf1a) and CNOT8 (hPop2/Caf1b/Calif), which contain RNA nuclease activities attributed to DEDD domains (Daugeron et al., 2001; Dupressoir et al., 2001; Clark et al., 2004; Viswanathan et al., 2004; Bianchin et al., 2005) . The CNOT7 and CNOT8 proteins interact with members of the BTG/Tob family of antiproliferative proteins, which are implicated in mRNA turnover (Ezzeddine et al., 2007; Funakoshi et al., 2007; Mauxion et al., 2008) and transcription (Prevot et al., 2000; Yoshida et al., 2000; Tzachanis et al., 2001; Passeri et al., 2006; Ou et al., 2007) . Consistent with their role in mRNA decay, combined depletion of CNOT7 and CNOT8 in human cells results in decreased deadenylation of bulk mRNA and stabilizes an unstable reporter mRNA (Schwede et al., 2008) .
Recruitment of Ccr4 -Not to cytoplasmic mRNA may involve a series of translation-coupled events (Funakoshi et al., 2007) . It was proposed that competitive binding of PABPC1 results in exchange of the release factor eRF3 for Pan2-Pan3, thereby initiating deadenylation (Funakoshi et al., 2007) . Subsequently, the Ccr4 -Not complex may be recruited via interactions mediated by the CNOT7 and/or CNOT8 subunits and Tob, which in turn can bind to PABPC1 (Ezzeddine et al., 2007; Funakoshi et al., 2007) . However, other mechanisms may also operate to recruit the Ccr4 -Not complex to mRNA molecules.
Deadenylation and decay of mRNA is also associated with microRNA-mediated gene repression (Wu et al., 2006; Wakiyama et al., 2007) . In Drosophila, microRNA-mediated mRNA deadenylation requires the activity of the Ccr4 -Not complex (Behm-Ansmant et al. , 2006) . Underscoring the func-tional link between mRNA degradation and microRNA-mediated repression is the colocalization of microRNAs, translationally repressed mRNA, and protein factors involved in mRNA deadenylation and decapping in cytoplasmic P-bodies (Jakymiw et al., 2005; Liu et al., 2005a,b; Pillai et al., 2005; Sen and Blau, 2005) .
Furthermore, and consistent with its functions in yeast, a number of protein-protein interactions point to a separate role of the Ccr4 -Not complex in transcription in human cells (Collart, 2003; Collart and Timmers, 2004) . The large subunit, CNOT1, is a ligand-dependent repressor of nuclear receptor-mediated transcription, including by ER␣-and RXR-containing heterodimers, via interactions mediated by multiple LxxLL motifs (Winkler et al., 2006) . In contrast, CNOT6, CNOT7, and RQCD1 (hCaf40/CNOT9) potentiate transcription mediated by several nuclear receptors including ER␣ and RAR␣ (Prevot et al., 2001; Hiroi et al., 2002; Morel et al., 2003; Garapaty et al., 2008) , which may be mediated via interactions with the nuclear receptor coactivator NIF1 (Garapaty et al., 2008) . Intriguingly, mice lacking Cnot7 appear healthy, but display a male infertility phenotype similar to RAR␤ null mice (Nakamura et al., 2004) . Together, these data suggest that the Ccr4 -Not complex mediates both transcriptional activation and repression in addition to its role in mRNA decay.
Despite the increased understanding of the properties of the human Ccr4 -Not complex, relatively little is known about its role in cellular biology. The deadenylase activity of CNOT6L influences cell proliferation by regulating mRNA levels of the cell cycle inhibitor p27/Kip1, although its paralogue CNOT6 does not appear to be involved in regulation of cell proliferation (Morita et al., 2007) . Here, we report that CNOT7 and CNOT8 contribute to efficient proliferation of breast cancer cells. The function of CNOT7 in cell proliferation partly depends on the deadenylase catalytic activity. Further analysis of gene expression profiles of CNOT7 and/or CNOT8 knockdown cells underscores the partial redundancy between these subunits in the control of gene activity and indicates that the regulation of several genes, including PMP22 and MSMB, by the Ccr4 -Not complex is important for cell proliferation.
MATERIALS AND METHODS

Plasmids, Mutagenesis, and Small Interfering RNA
The open reading frames of CNOT7 and CNOT8 were obtained by reverse transcriptase (RT)-PCR using MCF7 NKI total RNA as a template. After cloning the respective cDNAs into the SmaI site of pBluescript II KS(ϩ) and sequence verification, the cDNAs were subcloned in pcDNA3-FLAG (BamHIEcoRV) and pCMV5-HA (XhoI-digested cDNA ligated into SalI-digested vector). Silent mutations in the small interfering RNA (siRNA)-target sequence (four mismatches), and site-directed mutations to inactivate the active sites (D40A) and to substitute residues required for interaction with BTG2 (E247A and Y260A) were introduced using the standard QuikChange protocol, or the QuikChange Multi kit (Stratagene, La Jolla, CA). Primer sequences are available upon request.
The following siRNA duplexes were used (Dharmacon Research, Boulder, CO): CNOT7 (D-012897-01, D-012897-02, and SMARTpool L-012897-00), CNOT8 (D-018791-01, D-018791-02, and SMARTpool L-018791-00), and nontargeting control siRNA (D-001210-01, and SMARTpool D-001810-10).
Cell Culture and Transfection
MCF7 NKI and human embryonic kidney (HEK) 293T cells were routinely maintained in DMEM supplemented with 10% fetal bovine serum, l-glutamine, and penicillin/streptomycin.
Transfection of siRNA (5 nM) into MCF7 NKI cells was carried out using INTERFERin (Polyplus, Strasbourg, France) following the manufacturer's instructions.
Cotransfection of plasmid DNA (1.6 g) and siRNA (20 nM) into 30,000 MCF7 NKI or HEK 293T cells in six-well plates was done using jetSI-ENDO following the manufacturer's instructions (Polyplus). Cells were lysed in 100 l lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM MgCl 2 , 0.5 mM EDTA, 0.2% Nonidet P-40, 5% (vol/vol) glycerol, 0.5 mM dithiothreitol, and protease inhibitors) followed by two freeze/thaw cycles, and 5-10 l was analyzed by immunoblotting.
Plasmid DNA was transfected into HEK 293T cells using jetPEI (Polyplus). Cells (n ϭ 500,000) were plated in a 60-mm culture dish and transfected with 2 g pCMV-Flag-CNOT7 and 3 g pCMV5-HA-BTG2. After 16 h, cells were incubated in the presence of proteasome inhibitor MG132 (10 M) for an additional 8 h.
For the analysis of cell proliferation, MCF7 NKI cells (150,000 cells in a T25 flask) were transfected with siRNA duplexes. After 24 h, cells were trypsinized and plated in 12 wells of six-well plates (10,000 cells/well). Subsequently, cells were trypsinized and counted in a hemocytometer at 24-h intervals.
Stable transfection of vectors expressing Flag-CNOT7 (6 g DNA) in MCF7 NKI cells (400,000 cells in a 60-mm dish) was carried out using the calciumphosphate procedure. Selection was initiated 48 h after transfection in medium containing 800 g/ml G418. Clonally derived cell populations were isolated and maintained in medium containing 400 g/ml G418. Clones with comparable expression levels of wild-type CNOT7 (C5), D40A (C1), and E247A Y260A (B6) were selected by immunoblotting.
Antibodies and Immunoprecipitation
Transfected HEK 293T cells were lysed in 500 l lysis buffer. The cell suspension was left on ice for 5-10 min, freeze-thawed twice, and spun for 10 min in a microcentrifuge (full speed, 4°C). Each immunoprecipitate contained 500 g protein lysate adjusted to 500 l, 20 l of a 50% mixture of protein A/protein G-agarose, and 2 g M2 anti-Flag antibody and was incubated overnight at 4°C. After three washes with 1.0 ml lysis buffer, bound proteins were analyzed by SDS-PAGE and immunoblotting.
Antibodies used recognized CNOT1 (Winkler et al., 2006) , CNOT3 (mouse 4B8, AbNova), ␤-tubulin (mouse 2-28-33, Santa Cruz), FLAG (mouse M2, Sigma), and HA (rat 3F10, Santa Cruz).
Flow Cytometry
MCF-7 NKI cells (150,000 cells in a T25 flask) were transfected with siRNA as described above. After 24 h, the cells were washed once in PBS and fresh medium was added. After an additional 46 h, cells were labeled for a further 2 h in the presence of 20 M bromodeoxyuridine (BrdU) and prepared for bivariate flow cytometry using propidium iodide and FITC-conjugated antiBrdU antibody 3D4 (BD Biosciences, San Jose, CA). Analysis was carried out using a FACS Aria flow cytometer, FACSDiva software (BD Biosciences), and the WinMDI package (http://facs.scripps.edu).
Gene Expression Profiling
MCF7 NKI cells (1.0 ϫ 10 6 cells in a 100-mm culture dish) were transfected with 5 nM siRNA pools targeting CNOT7 and/or CNOT8, and/or a nontargeting control pool (Dharmacon On-Target Plus SMARTpool; total siRNA concentration was 10 nM). DNA-free total RNA of biological triplicates was isolated (Qiagen RNeasy, Chatsworth, CA, including on-column DNAse digestion), subjected to quality control using an Agilent 2100 Bioanalyzer (Wilmington, DE), and processed using Affymetrix Human Genome U133 plus 2.0 GeneChips (Santa Clara, CA), the manufacturer's labeling protocols and equipment (Nottingham Arabidopsis Stock Centre's International Affymetrix Service). Data were normalized using the MAS5 protocol and analyzed using Excel (Microsoft, Redmond, WA), Carmaweb (Rainer et al., 2006) , and GeneTrail (Backes et al., 2007) .
Reverse Transcriptase-Quantitative PCR
Total RNA was isolated from (transfected) cells grown in a single well of a 6-or 12-well plate (Qiagen RNeasy kit), and cDNA was prepared using an anchored oligo-dT primer (Superscript III, Invitrogen, Carlsbad, CA). After 1:5 dilution of the cDNA reaction with TE, 1 l diluted cDNA was analyzed in triplicates by quantitative PCR (qPCR; 20 l reaction volume, Stratagene Brilliant (II) SYBR Green mix) using a Stratagene MX3005p cycler. GAPDH or ␤-actin were used as reference genes. Analysis was carried out using the Stratagene MXpro package. For analysis of mRNA stability, 5 g/ml actinomycin D (Sigma) was added to the culture medium 72 h after siRNA transfection. For the calculation of mRNA half-lives, the data were fitted using the following equation: [mRNA] ϭ 100 ⅐ e (Ϫk ⅐ t) , where [mRNA] ϭ 100% at t ϭ 0, k is the decay constant, and the half-life t 1/2 is given by t 1/2 ϭ ln(2)/k. The values for k and their SE were determined using Prism 3 (GraphPad Software, San Diego, CA).
RESULTS
CNOT7 and CNOT8 Are Required for Efficient Cell Proliferation
To understand the cellular function of the CNOT7 and CNOT8 deadenylases in more detail, we transfected siRNA duplexes targeting CNOT7 or CNOT8 mRNA into human MCF7 breast cancer cells. Two duplexes targeting different regions in CNOT7 resulted in efficient knockdown of mRNA and exogenous protein levels in MCF7 cells (Ͼ90%), whereas mock treated cells, or cells treated with a nontargeting control duplex did not affect mRNA or protein levels ( Figure 1A ). Interestingly, we found that cells treated with siRNA duplexes targeting CNOT7 displayed a slower proliferation rate compared with cells treated with nontargeting siRNA or mock-treated cells ( Figure 1B ). To further understand this defect in cell proliferation, siRNA-transfected cells were pulse-labeled with the thymidine analogue BrdU to allow accurate identification of cells in S-phase. Cells were fixed, incubated with anti-BrdU antibodies conjugated to FITC and propidium iodide to stain DNA, and subjected to bivariate flow cytometry. The cell cycle profiles indicated that depletion of CNOT7 caused a significant accumulation of cells in the G1-phase and a concomitant decrease of cells present in the S-phase of the cell cycle ( Figure 1C ). Similar results were obtained using siRNA duplexes targeting CNOT8 (Figure 1 , D-F). Again, efficient knockdown was obtained at the level of mRNA and protein (Ͼ90%, Figure  1D ) and reduced proliferation was observed in the absence of CNOT8 ( Figure 1E ). Perhaps slightly more pronounced as was the case for CNOT7, an increase of cells in G1 with a concomitant decrease in S-phase was observed in the absence of CNOT8 ( Figure 1F ). Together, these results reveal a role for the paralogues CNOT7 and CNOT8 in the proliferation of MCF7 cells.
Partial Redundancy of CNOT7 and CNOT8 in Cell Proliferation
To understand whether CNOT7 and CNOT8 have redundant functions, we next used combined knockdown of both genes by siRNA transfection. After verifying efficient knockdown in these cases (data not shown), we first assessed the proliferation rate of cells transfected with siRNAs targeting both CNOT7 and CNOT8 compared with cells transfected with siRNA targeting either CNOT7 or CNOT8. As shown (Figure 2A ), cells transfected with siRNA targeting both CNOT7 and CNOT8 proliferated with a reproducibly slower rate when compared with cells transfected with a single targeting siRNA directed against either CNOT7 or CNOT8. This effect was observed using two different sets of targeting siRNA and indicates that CNOT7 and CNOT8 have partially redundant roles in cell proliferation.
To characterize this proliferation defect in more detail, we determined the cell cycle profiles of cells treated with both CNOT7 and CNOT8 siRNAs using bivariate flow cytometry. Similar to what was observed when cells were transfected with siRNA targeting either CNOT7 or CNOT8 (Figure 1, C and F), the cell cycle profiles of cells transfected with both targeting siRNAs displayed an increased percentage of cells in G1 and a decreased percentage of cells in S-phase compared with mock-treated cells or cells treated with nontargeting control siRNA ( Figure 2B ). Thus, whereas the cell cycle defect is more pronounced when both CNOT7 and CNOT8 are knocked down compared with treatment with a single targeting siRNA, no additional cell cycle deficiency, such as the induction of apoptosis, was revealed. Together, these results indicate that CNOT7 and CNOT8 are partially redundant and are important for cell cycle progression and proliferation of MCF7 breast cancer cells.
The Deadenylase Activity of CNOT7 Contributes to Efficient Proliferation
To investigate whether the deadenylase activity of CNOT7 is involved in efficient cell proliferation, we designed an siRNA-insensitive CNOT7 cDNA by introduction of four silent mutations in the siRNA-target site ( Figure 3A) . In addition, a point mutation was introduced in the catalytic center resulting in amino acid substitution D40A, which is demonstrated to cause enzyme inactivity (Jonstrup et al., 2007) . To verify whether the silent mutations resulted in resistance against the targeting siRNA duplexes, cells were transiently cotransfected with plasmids expressing Flag-CNOT7 and siRNA duplexes targeting CNOT7. As expected, Flag-CNOT7 protein levels were strongly reduced in cells cotransfected with wild-type cDNA and CNOT7 siRNA, but not in cells transfected with nontargeting control siRNA ( Figure 3B ). In contrast, cells transfected with siRNAinsensitive CNOT7 cDNA (WT* or D40A*) showed equal expression of CNOT7 in the presence of either targeting or nontargeting siRNA ( Figure 3B ).
Subsequently, MCF7 cells were stably transfected with siRNA-insensitive Flag-CNOT7 cDNA expression vectors. Clonally derived cell populations were isolated and selected based on comparable expression of wild-type and D40A Flag-CNOT7 as assessed by immunoblotting using anti-Flag antibodies ( Figure 3C ). We noticed that the stably transfected cells divided at a reduced rate compared with nontransfected cells, which was probably because of the antibiotic selection procedure. Next, the effect on cell proliferation was determined by ablation of endogenous CNOT7 using siRNA. Thus, proliferation of MCF7 cells expressing wildtype Flag-CNOT7 was not affected when these cells were transfected with siRNA duplexes targeting endogenous CNOT7 compared with nontargeting control siRNA. In contrast, MCF7 cells expressing similar levels of Flag-CNOT7 containing the D40A amino acid substitution in the active site proliferated at a markedly slower rate when endogenous CNOT7 levels were ablated, but not when cells were treated with nontargeting control siRNA ( Figure 3D ). In addition, we carried out FACS analysis of these cells treated with control nontargeting siRNA, or siRNA targeting endogenous CNOT7. In support of the above data, the cell cycle profiles of MCF7 cells expressing wild-type Flag-CNOT7 were not affected by targeting endogenous CNOT7 compared with transfection with nontargeting control siRNA ( Figure 3E ). By contrast, although cells expressing Flag-CNOT7 (D40A) showed a similar cell cycle profile when treated with nontargeting control siRNA, transfection of these cells with siRNA targeting endogenous CNOT7 increased the number of cells present in G1 (56.3 to 63.2%), whereas the number of cells present in S-phase was significantly reduced (37.8 to 32.8%; Figure 3E ). These experiments indicate that the enzymatic activity of CNOT7 contributes to efficient proliferation, although other roles of CNOT7 (e.g., structural roles in the integrity of the complex) may also be important.
Analysis of the Interaction between CNOT7 and BTG2
Recently, it was shown that proteins from the BTG/Tob family are involved in mRNA turnover by interacting with CNOT7 and CNOT8 (Ezzeddine et al., 2007; Funakoshi et al., 2007; Mauxion et al., 2008) . To understand how CNOT7 interacts with BTG/Tob family members, we analyzed the crystal structure of CNOT7 and a fragment of Tob (PDB accession 2D5R). Based on proximity to Tob and evidence for H-bonding, two CNOT7 residues, Glu247 and Tyr260, that are located away from the active site were selected for mutagenesis ( Figure 4A ). To test the importance of these residues for the interaction with BTG/Tob proteins, HEK 293T cells were cotransfected with plasmids expressing Flag-CNOT7 and HA-BTG2. As expected, immunoprecipitation of FLAG-CNOT7 also precipitated HA-BTG2, as well as other Ccr4 -Not subunits such as CNOT1 and CNOT3. In contrast, but as predicted by the structural analysis, Flag-CNOT7 containing two amino acid substitutions, E247A and Y260A, did not coprecipitate HA-BTG2, although it did coprecipitate CNOT1 and CNOT3, suggesting that the introduced amino acids substitutions do not interfere with Ccr4 -Not complex formation ( Figure 4B ). When HEK 293T cells were transfected with a plasmid expressing HA-BTG2 in combination with the empty Flag-vector, no immunoprecipitation of either CNOT1, CNOT3, or HA-BTG2 was observed using anti-Flag antibodies, indicating that the analyzed immunoprecipitations were specific ( Figure 4B ).
To investigate whether BTG2 can interact with the Ccr4 -Not complex via interactions with other subunits, a reciprocal immunoprecipitation experiment was carried out ( Figure  4C ). As expected, immunoprecipitation of HA-BTG2 did coprecipitate Flag-CNOT7, CNOT1, and CNOT3. By contrast, coprecipitation of HA-BTG2 and Flag-CNOT7 (E247A Y260A) was not observed ( Figure 4C) . Furthermore, the coimmunoprecipitation of CNOT1 and CNOT3 with HA-BTG2 was significantly reduced under these conditions. Although the residual coprecipitation of CNOT1 and CNOT3 may be mediated via endogenous CNOT7, no immunoprecipitation of either CNOT1, CNOT3, or Flag-CNOT7 was observed in the absence of HA-BTG2, indicating that the analyzed immunoprecipitations were specific ( Figure 4C ). Thus, these experiments indicate that the interaction between BTG2 and CNOT7 is important for the interaction between BTG2 and other Ccr4 -Not components.
To investigate the importance of the interaction between CNOT7 and BTG2 for cell proliferation, we used the siRNAinsensitive CNOT7 cDNA containing four silent mutations in the siRNA-target site in combination with mutations resulting in amino acids substitutions E247A and Y260A. Subsequently, MCF7 cells were stably transfected with siRNAinsensitive Flag-CNOT7 cDNA expression vectors. Stably transfected cells were screened for expression of Flag-CNOT7 and selected based on comparable expression of wild-type and E247A/Y260A Flag-CNOT7 as assessed by immunoblotting using anti-Flag antibodies ( Figure 4D ). The effect on cell proliferation was then determined by ablation of endogenous CNOT7 using siRNA or treatment with nontargeting control siRNA. As shown, proliferation of MCF7 cells expressing wild-type Flag-CNOT7 was not affected by targeting endogenous CNOT7 using siRNA compared with transfection with nontargeting control siRNA ( Figure 4E ). In addition, although MCF7 cells expressing Flag-CNOT7 (E247A Y260A) divided at a slightly reduced rate, proliferation of these cells was not affected after ablation of endogenous CNOT7 by siRNA compared with transfection with nontargeting control siRNA, as was observed for cells expressing wild-type Flag-CNOT7 ( Figure 4E ). In addition, we carried out FACS analysis of these cells treated with control nontargeting siRNA, or siRNA targeting endogenous CNOT7. In support of the above data, the cell cycle profiles of MCF7 cells expressing wild-type Flag-CNOT7 were not affected by targeting endogenous CNOT7 using siRNA compared with treatment with nontargeting control siRNA ( Figure 4F ). In addition, treatment of cells expressing Flag-CNOT7 (E247A Y260A) with control siRNA or siRNA targeting endogenous CNOT7 did not affect the G1-or S-phase distribution significantly ( Figure 4F) . Thus, the interaction between CNOT7 and BTG2 appears less important for the efficient transition from G1-to S-phase in MCF7 cells. Although BTG2 is involved in general mRNA decay pathways (Mauxion et al., 2008) , these results indicate that defects in mRNA turnover do not per se result in a proliferation deficiency. Alternatively, these results may indicate redundancy between CNOT7 and CNOT8, and/or among BTG/Tob family members.
Gene Expression Profiling Indicates a Synergistic Effect of CNOT7 and CNOT8 Knockdown
To obtain further insight into the mechanism by which the CNOT7 and CNOT8 deadenylases influence gene expression, we carried out genome-wide expression analysis. MCF7 cells were transfected with a pool of nontargeting control siRNA or siRNA pools targeting CNOT7, CNOT8, or CNOT7 and CNOT8. Total RNA from biological triplicates was isolated, processed, and hybridized using Affymetrix Human Genome GeneChips analyzing more than 47,000 transcripts. Analysis of the expression data showed that (B) Analysis of the siRNA-insensitive cDNAs encoding CNOT7. An additional mutation was introduced resulting in the amino acid substitution D40A in the active site. Vectors expressing CNOT7, an siRNA-insensitive cDNA (WT*) and an siRNA-insensitive cDNA encoding the active site mutant (D40A*) were transiently cotransfected with siRNA duplex 2 (#2) or nontargeting control siRNA (Con) into MCF7 cells. After 3 d, total lysates were analyzed by immunoblotting. ␤-Tubulin was used to assess equal loading. (C) Stable expression of siRNA-insensitive CNOT7 cDNAs in MCF7 cells. Lysates from MCF7 cells stably transfected with the indicated cDNA were analyzed by immunoblotting. ␤-Tubulin was used to assess equal loading. (D) The catalytic activity of CNOT7 is required for efficient cell proliferation. Nontargeting control siRNA or siRNA duplexes targeting endogenous CNOT7 were transfected into MCF7 cells stably expressing siRNA-insensitive cDNAs encoding wildtype CNOT7 (WT*) or the active site mutant (D40A*). After siRNA transfection, cells were counted in a hemocytometer at 24-h intervals. (E) Increased G1-and reduced S-phase in MCF7 cells expressing catalytically inactive CNOT7. Nontargeting control siRNA or siRNA duplexes targeting endogenous CNOT7 were transfected into MCF7 cells stably expressing siRNA-insensitive cDNAs encoding wild-type CNOT7 (WT*) or the active site mutant (D40A*). Dot plots of bivariate cell cycle profiling using propidium iodide fluorescence to determine DNA content (horizontal) and anti-BrdU fluorescence (FITC) to identify cells in S-phase (vertical) are shown. Cells (n ϭ 20,000) were analyzed per condition 72 h after transfection. The percentages of cells in G1-, S-, and G2/M-phase are indicated.
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knockdown of either CNOT7 or CNOT8 resulted in significant differential expression of only four or three genes, respectively, whereas combined knockdown of CNOT7 and CNOT8 resulted in differential regulation of 255 genes (Ͼ1.5-fold differential expression, p Ͻ 0.05; Figure 5A ; Supplementary Data). Interestingly, most differentially expressed genes were up-regulated (164 genes) in CNOT7/ CNOT8 double knockdown cells, consistent with their role as repressors of gene expression, although down-regulated genes (91 genes) were also identified ( Figure 5A ; Supplementary Data). Clustering based on genes and conditions using the subset of genes significantly affected in CNOT7/ CNOT8 double knockdown cells revealed that the expression profiles of single CNOT7 and CNOT8 knockdown cells are more closely related to each other compared with the expression profile of CNOT7/CNOT8 double knockdown cells and showed that the expression profiles are highly related ( Figure 5A ). This notion is underscored by the calculation of Pearson's correlation coefficients of the expression profiles, which indicated that the expression profiles of CNOT7 and CNOT8 single knockdown cells and control cells correlated better compared with the profile of CNOT7/ CNOT8 double knockdown cells. This is suggestive of a (partially) redundant role of these factors ( Figure 5B ).
Gene ontology analysis was carried out to obtain more insight into the functions of the identified differentially ex- pressed genes in CNOT7/CNOT8 double knockdown cells. Interestingly, a notable difference was observed when the classification of molecular function of up-regulated genes was compared with that of down-regulated genes ( Figure 5 , C and D, respectively). Whereas the majority of the categorized up-regulated genes are associated with DNA-binding activity and/or activities relating to transcription ( Figure  5C ), the majority of classified down-regulated genes were typed as nucleic acid binding and/or RNA binding and no significant category relating to a role in transcription was identified for down-regulated genes ( Figure 5D ). Taken together, the expression profiling data show that CNOT7 and CNOT8 appear to act synergistically. Consistent with their role as deadenylases, a significant fraction of the differentially expressed genes are repressed by CNOT7 and CNOT8 and encode transcription factors. By contrast, a notable number of genes are positively regulated by CNOT7 and CNOT8, of which a significant proportion encode nucleic acid-and/or RNA-binding characteristics.
Deregulation of Genes Modulating Cell Cycle Progression in CNOT7 and/or CNOT8 Knockdown Cells
To validate the microarray analysis and look in more detail at the mechanism by which CNOT7 and CNOT8 regulate gene expression, we used RT-qPCR to determine the expression levels of several genes in the CNOT7/CNOT8 double knockdown cells. These genes were up-regulated in CNOT7/CNOT8 double knockdown cells between 1.7-fold (CCNG2/Cyclin G2) and 3.3-fold (EGR1), as determined using genome-wide expression analysis, and were of particular interest because their overexpression is associated with a decreased proliferation rate of several cell types (Zoidl et al., 1995; Zoidl et al., 1997; Garde et al., 1999; Jetten and Suter, 2000; LaTulippe et al., 2002; Shukeir et al., 2003; Roux et al., 2005; Stossi et al., 2006) . We focused on up-regulated genes, because this effect correlates well with the known roles of CNOT7 and CNOT8 as deadenylases promoting mRNA turnover or transcriptional repressors. As expected, we confirmed up-regulation of all genes tested upon knockdown of CNOT7 and CNOT8 compared with control treated cells transfected with nontargeting siRNA (Figure 6 , A-E). Generally, we found stronger effects on mRNA levels in CNOT7 knockdown cells, which may be due to a generally higher knockdown efficiency using CNOT7 siRNA compared with CNOT8 siRNA (data not shown). Interestingly, however, the tested genes displayed a similar deregulation in the absence of either CNOT7 or CNOT8, with a synergistic effect after combined knockdown of CNOT7 and CNOT8 ( Figure 6, A-E) .
In addition to this set of up-regulated genes, we also analyzed a gene that was down-regulated in the absence of CNOT7 and/or CNOT8. Consistent with the results from the microarray analysis, the gene encoding the RNAbinding protein DDX6/Rck/p54 was significantly downregulated in the absence of either CNOT7 or CNOT8. Moreover, further down-regulation was observed after combined knockdown of CNOT7 and CNOT8 ( Figure 6F) .
Interestingly, these data show that the CNOT7 and CNOT8 paralogues can largely compensate for each other's function in agreement with their high sequence similarity. In addition, these results identify several genes influencing cell cycle progression, such as MSMB, PMP22 and Cyclin G2, whose expression is modulated by CNOT7 and CNOT8.
Increased PMP22 and Cyclin G2 mRNA stability in CNOT7 and CNOT8 Knockdown Cells To test whether the up-regulation of genes in CNOT7 and CNOT8 knockdown cells could be due to an increased mRNA half-live, we used the RNA polymerase II inhibitor actinomycin D in combination with RT-qPCR to determine mRNA levels. After siRNA transfection, cells were treated with actinomycin D, and total RNA was isolated at several time points. Subsequently, mRNA levels were determined by RT-qPCR. Because the mRNA of MSMB was stable after actinomycin D treatment, we first analyzed transcript stability of PMP22, which is almost fourfold up-regulated in CNOT7/CNOT8 knockdown cells as determined by RTqPCR ( Figure 6B ). As shown, the decay rate of PMP22 mRNA was decreased in CNOT7/CNOT8 double knockdown cells compared with nontargeting control treated cells by more than sixfold ( Figure 6G ). By contrast, no significant increase in PMP22 mRNA stability was observed in CNOT7 or CNOT8 single knockdown cells ( Figure 6G ), which may be explained by the modest induction of PMP22 in CNOT7 or CNOT8 single knockdown cells (ϳ1.5-fold; Figure 6B ). For Cyclin G2, which is about twofold up-regulated in CNOT7/CNOT8 double knockdown cells as determined by RT-qPCR ( Figure 6E ), less stabilization (ϳ1.5-fold) of its transcript was observed in the presence of actinomycin D compared with PMP22, as expected ( Figure 6H ). As was observed for PMP22, no significant increase in Cyclin G2 mRNA stability was observed in CNOT7 or CNOT8 single knockdown cells, consistent with only a minor up-regulation of Cyclin G2 mRNA in these cells (Ͻ1.5-fold; Figure 6E ).
Together, these results indicate that up-regulation in CNOT7/CNOT8 double knockdown cells of several genes involved in cell cycle regulation, including PMP22 and Cyclin G2, may be due to increased mRNA half-lives, consistent with the role of CNOT7 and CNOT8 in deadenylation and the involvement of the deadenylase activity of CNOT7 in efficient cell cycle progression (Figure 3, D and E) .
DISCUSSION
CNOT7 and CNOT8 Are Important for Efficient Cell Proliferation of MCF7 Cells
Several published observations led us to investigate the role of the CNOT7 and CNOT8 deadenylase subunits of the Ccr4 -Not complex in cell proliferation. First, we recently identified an interaction between CNOT1, the largest subunit of the Ccr4 -Not complex, and estrogen receptor ␣, a well-characterized mitogenic factor in breast cancer cells (Winkler et al., 2006) . Furthermore, the CNOT7 and CNOT8 paralogues physically interact with members of the BTG/ Tob family of antiproliferative proteins that inhibit cell cycle progression from G1-to S-phase (Bogdan et al., 1998; Ikematsu et al., 1999; Prevot et al., 2001; Yoshida et al., 2001) . Also, it was reported that overexpression of CNOT7 reduces colony formation in NIH3T3 and U2OS cells (Bogdan et al., 1998) . and/or CNOT8, or control. mRNA levels of the indicated genes were detected using RT-qPCR using ␤-actin as a reference gene. All assays were carried out in triplicate. (G) Determination of PMP22 mRNA stability. The indicated siRNA pools were transfected into MCF7 cells. Actinomycin D was added (72 h after transfection), and total mRNA was isolated at 0, 1, 3, 6, and 12 h after treatment. mRNA transcript levels were determined by RT-qPCR using ␤-actin as a reference gene. The PMP22 mRNA half lives (decay constants Ϯ SE) derived from the slope of the fitted line are indicated: 6.2 h (0.112 Ϯ 0.0218; control), 4.8 h (0.143 Ϯ 0.0405; CNOT7), 6.5 h (0.106 Ϯ 0.0332; CNOT8), and 41.4 h (0.0168 Ϯ 0.00752; CNOT7ϩCNOT8). (H) Determination of Cyclin G2 mRNA stability. Seventy-two hours after transfection, total RNA was isolated after 0, 0.5, 1, 2, and 4 h of treatment with actinomycin D. mRNA transcript levels were determined by RT-qPCR using ␤-actin as a reference gene. The Cyclin G2 mRNA half-lives (decay constants Ϯ SE) derived from the slope of the fitted line are indicated: 2.7 h (0.255 Ϯ 0.0419; control), 2.1 h (0.329 Ϯ 0.0312; CNOT7), 2.0 h (0.341 Ϯ 0.0492; CNOT8), and 4.4 h (0.158 Ϯ 0.0154; CNOT7ϩCNOT8). All assays were carried out in triplicate. Here, we show that CNOT7 and CNOT8 are important for efficient cell proliferation and the catalytic activity is involved in cell cycle progression. Interestingly, CNOT7 appears to be mostly nuclear in serum-starved diploid human fibroblasts and partially relocates to the cytoplasm during S-phase entry, which may suggest the involvement of the deadenylase activity during this phase of the cell cycle (Morel et al., 2003) . In contrast to the catalytic activity, however, the interaction with BTG/Tob family members may not be essential for their role in cell division.
The CNOT7/CNOT8 deadenylases may affect the expression of a number of genes involved in cell cycle regulation, both positively and negatively, the summation of which resulting in decreased proliferation. At least two mechanisms may be involved. First, CNOT7 and CNOT8 can repress the expression of genes associated with inhibition of cell proliferation, such as MSMB and PMP22. The MSMB gene encodes the tumor suppressor PSP94 (prostatic secretory protein of 94 amino acids; ␤-microseminoprotein), which inhibits prostatic cancer growth and whose loss of expression is characteristic of metastatic tumors compared with primary prostate tumors (Garde et al., 1999; LaTulippe et al., 2002; Shukeir et al., 2003) . MSMB is also expressed in other tissues including female breast and reproductive tissues, suggesting a role in cell proliferation in these organs as well (Baijal-Gupta et al., 2000) . Increased expression of PMP22 (also known as growth arrest-specific/GAS 3), which shares significant homology with EMP1, is involved in several neuropathies and can influence epithelial cell morphology and proliferation by influencing the G1-to-Sphase progression (Zoidl et al., 1995; Zoidl et al., 1997; Jetten and Suter, 2000; Roux et al., 2005) .
A second mechanism by which CNOT7 and CNOT8 contribute to cell proliferation may be by positively regulating the expression of genes required for cell proliferation, such as the DEAD-box RNA helicase DDX6/Rck/p54 (Akao et al., 2006) . Interestingly, DDX6 is a homologue of yeast Dhh1, which interacts with the Ccr4 -Not complex (Coller et al., 2001; Maillet and Collart, 2002) . Moreover, like CNOT7 and CNOT8, DDX6 is a component of cytoplasmic P-bodies (Cougot et al., 2004) , which are enriched in translationally repressed mRNA molecules and proteins participating in microRNA-mediated translational repression and mRNA decay (Garneau et al., 2007; Parker and Sheth, 2007) . Whether the interaction between DDX6 and Ccr4 -Not is conserved and/or whether the reduced expression of DDX6 mRNA in the absence of CNOT7 and/or CNOT8 is mechanistically linked remains to be investigated. Interestingly, comparison of our gene expression data with published studies investigating yeast caf1⌬ cells (Cui et al., 2008; Azzouz et al., 2009) indicated that human DDX6 (yeast DHH1) may be an evolutionary conserved target gene whose correct expression level is dependent on the presence of human CNOT7/ CNOT8 (yeast CAF1).
The CNOT7 and CNOT8 Paralogues Display Overlapping Functions
Because of the high amino acid sequence similarity of CNOT7 and CNOT8 (76% identity and 89% similarity), it was not unexpected to find that these proteins can partially compensate each other's function. This was evident from both the phenotypic analysis and the microarray analysis of gene expression profiles, although both CNOT7 and CNOT8 also appear to have unique functions as demonstrated in the latter experiment. This is in marked contrast, however, to the CNOT6 and CNOT6L deadenylase subunits of the Ccr4 -Not complex (78% identity and 88% similarity at the amino acid level). In this case, CNOT6L is required for cell proliferation of NIH 3T3 cells, in contrast to CNOT6, which does not appear to be involved (Morita et al., 2007) .
The partially overlapping function of CNOT7 and CNOT8 may explain the relatively mild phenotype observed in Cnot7 null mice. These mice have a normal appearance, although males are sterile because of a defect in spermatogenesis (Berthet et al., 2004; Nakamura et al., 2004) . In addition, Cnot7 mice display an increased bone mass caused by elevated osteoblast activity because of enhanced BMP signaling (Washio-Oikawa et al., 2007) . Interestingly, a similar observation was made by observing mutant mice lacking Tob, which can interact with CNOT7 and CNOT8 (Yoshida et al., 2000) . However, Tob mice are prone to spontaneous tumorigenesis, which is not observed in Cnot7 mice (Yoshida et al., 2003) .
Mechanism of Gene Regulation by the CNOT7 and CNOT8 Subunits of the Ccr4 -Not Complex
On knockdown of CNOT7 and CNOT8, most differentially expressed genes were up-regulated in agreement with a role for these proteins in mRNA turnover. Consistent with this notion, we found that transcript levels of PMP22 and-to a lesser extent-Cyclin G2 were stabilized in the absence of CNOT7 and CNOT8. To address whether particular motifs were enriched in the 3Ј untranslated regions of the genes up-regulated in the absence of CNOT7 and CNOT8, we searched for the presence of AU-rich elements (ARE) in the 3Ј untranslated regions of all differentially expressed genes using the ARED database (http://rc.kfshrc.edu.sa/ARED). However, although a higher proportion of predicted AREs were identified in genes up-regulated in CNOT7/CNOT8 double knockdown cells compared with down-regulated genes, no clear preference was identified.
In addition to a role in mRNA turnover, the Ccr4 -Not complex is also implicated in the regulation of transcription by both positively and negatively modulating gene expression. In this light, the expression of certain genes may also be increased upon siRNA transfection, because knockdown of CNOT7 and/or CNOT8 may interfere with the function of the Ccr4 -Not complex as a transcriptional repressor. In addition, down-regulation of genes, such as DDX6, may be due to a defect in the Ccr4 -Not function that positively affects transcription. Indeed, a positive role in regulating transcription mediated by the nuclear receptors ER␣ and RAR␤ is also reported for both CNOT7 and CNOT8 (Prevot et al., 2001; Morel et al., 2003; Nakamura et al., 2004) .
Interestingly, a subset of genes differentially expressed upon CNOT7/CNOT8 knockdown are known to be regulated in response to estrogen signaling. This could be expected, because we recently identified a ligand-dependent interaction between CNOT1, the large subunit of the Ccr4 -Not complex, and ER␣ (Winkler et al., 2006) . Currently, we are investigating the mechanisms by which Ccr4 -Not components contribute to estrogen-dependent regulation of gene expression in more detail. Note added in proof. The microarray data have been deposited in the ArrayExpress database (European Bioinformatics Institute, accession number E-MEXP-2218).
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